Summary
Introduction
Animals communicate with an astonishing variety of signals, and even closely related species often exhibit great diversity in the physical properties of their signals. An understanding of the selective forces and constraints underlying signal divergence is crucial because it can provide important insights into the role that communication plays in population differentiation and speciation. Much of this diversity has evolved through complex interactions of signal mechanisms, signal function, sensory response patterns and habitat variation. Animal signal colours have been a major target for studies of these processes (e.g., Marchetti 1993; Grether, Kolluru & Nersissian 2004; Endler & Mielke 2005; Stuart-Fox, Moussalli & Whiting 2007; Seehausen et al. 2008; Vanhooydonck et al. 2008; Kemp, Herberstein & Grether 2012; Hugall & Stuart-Fox 2012; Kemp et al. 2015 .
In most studies, animal colours are quantified by measuring the spectral reflectance. However, in addition to being reflected and absorbed by a coloured surface, some light striking a surface will transmit through it. In some cases, transmitted light may contribute as much to the appearance of the surface as the reflected light. Highly directional transmission can render an animal partially transparent, an important camouflage mechanism in some marine organisms (Johnsen 2001 Cronin et al. 2014) . Translucent transmission, in which the light passing through the organism emerges in a diffuse manner, probably occurs widely, but its contribution to signal appearance and effectiveness has rarely been studied (but see Fleishman, Leal & Sheehan 2006) . Any surface that is fairly thin and not densely pigmented has the potential to have its appearance strongly influenced by transmitted light. For example, translucent colour patterns can be seen in fish fins, insect wings, flower petals and the feathers near the tip of bird's tail (personal observation). However, we are not aware of any examples, except for anoline lizards, where the contribution of diffusely transmitted light to a signal's efficacy and appearance has been quantified. Here, we analyse the effect of diffuse transmission through a thin display organ and explore the idea that transmission may have an important impact on the effectiveness of this visual signal.
Male Anolis lizards frequently display a colourful throat fan, known as the dewlap, to attract females, repel territorial rivals and discourage attacks from predators (Fleishman 1992; Leal & Rodr ıguez-Robles 1997; Vanhooydonck et al. 2008; Losos 2009 ). Observers of Anolis behaviour often report a fascinating phenomenon: the dewlaps of many species appear to glow vividly under some viewing conditions (Fig. 1a,b and Video S1, Supporting information). This effect is particularly strong in species from shaded habitats. This striking visual phenomenon results from the fact that in many species, the dewlap is translucent (Fleishman, Leal & Sheehan 2006) . Most visual systems exhibit brightness constancy: the perceived intensity (or brightness) of an object or colour patch largely depends on its intensity relative to other nearby objects in the visual scene (Cornsweet 1970) . In nature, a dewlap is often viewed among objects such as tree trunks, branches, clusters of leaves, rocks and soil that reflect much more light than they transmit. If viewed at a location where relatively high-intensity light strikes the back of the dewlap, it will emit much more light than these primarily reflective surfaces, and will appear inordinately bright, and may even seem to act as a light source.
Our study focuses on Anolis lineatopus (Gray), an abundant species that occupies regions of moderate to high shade throughout Jamaica (Rand 1967; Macedonia, Clark & Tamasi 2014) . The dewlap has two distinct colour patches (white and yellow) that both exhibit strong transmittance and can vary in size among individuals and populations (Rand 1967) . Spectral reflectance and transmittance measurements for the two colour patches of the A. lineatopus dewlap are shown in Fig. 2 . This species is typical of many anoles that possess a highly translucent dewlap.
We considered two hypotheses that might explain why A. lineatopus and many other species have evolved translucent dewlaps. Our first hypothesis is that high transmittance adds to the total intensity of the dewlap, increasing the average luminance contrast between the dewlap and the background. Luminance refers to the spectral radiance of a stimulus multiplied by the spectral sensitivity of the visual system and provides a good approximation of the perceived intensity (or brightness) of a given stimulus. It has been shown that the probability of a dewlap drawing the attention of a conspecific viewer is directly related to the magnitude of the luminance contrast between the dewlap and the local background against which it is viewed (Persons et al. 1999; Fleishman & Persons 2001) . If dewlap luminance is usually greater than its background, (a) (c) (b) Fig. 1 . Natural light photographs of displaying male Anolis lizards. (a) Anolis lineatopus from Jamaica (the species used in this study) and (b) Anolis krugi from Puerto Rico. In each case, the dewlap appears to glow because the ambient light intensity is greater behind the dewlap than in front of it (due to sun position) and it diffusely transmits light striking its back surface. (c) An artificially extended dewlap of A. lineatopus with natural light striking only the front face of the dewlap (facing the camera). Comparing (c) to (a) illustrates how the dewlap appearance changes when its colour is created by reflected light (c) vs. transmitted light (a). Photographs by Manuel Leal. then transmitted light will tend to increase the average magnitude of contrast. Our second hypothesis is that high transmittance indirectly makes the chromatic content of the dewlap easier to discriminate from other colours in the habitat. An important role of dewlap colour is to allow conspecifics to rapidly and unambiguously identify a displaying male as a lizard of the same species, within a visually complex habitat that may include many different patches of natural colour (leaves, bark, flowers, sun spots, sky, specular reflection from leaves, etc.) as well as the dewlaps of sympatric anoline species (Fleishman 2000; Losos 2009 ). If the flash of colour from the dewlap is ambiguous to a conspecific viewer, because the perceived colour overlaps with other colours in the habitat, its efficiency and effectiveness as a signal will be reduced. It is well-established that colour discrimination thresholds become elevated at low light levels (Thomson & Trezona 1951; Kaiser & Boynton 1996; Vorobyev 2003; Osorio et al. 2004) . Thus, in shaded habitat, dewlap colour may become difficult to discriminate from distractor colours. By transmitting light, the total rate of photons emitted from the dewlap will be substantially increased, and this may improve the ability of conspecifics to easily and rapidly discriminate its colour from potential distractors.
To test our hypotheses, we measured the spectral reflectance and transmittance of dewlaps of A. lineatopus (Fig. 2) , as well as three common sympatric congeners. We observed them in the field and recorded light conditions at a large number of perch and display locations. We calculated the spectral radiance and luminance of dewlaps and natural background patches at each sample location.
We tested the first hypothesis (increase in luminance contrast) by calculating dewlap/background luminance contrast magnitude at each sample location with, and without, the effects of transmission included.
To test our second hypothesis that increased signal intensity resulting from transmitted light lowers the colour discrimination threshold, we considered three sources of colour variation that might contribute to confusion of a dewlap colour with a distractor colour. First, noise within the visual system itself limits the precision with which any given spectral stimulus can be perceived (Kaiser & Boynton 1996; . Secondly, site-to-site variations in habitat light striking the dewlap will produce differences in the appearance of the dewlap. Animal visual systems have colour constancy mechanisms, but these are imperfect, and some variation in colour appearance will, therefore, result from local variations in habitat light (Neumeyer 1998; Kemp et al. 2015) . Thirdly, the visual background in any natural habitat is made up of a variety of different small patches of spectral radiance, resulting in an array of different spectral patterns that represent potential sources of confusion. In order to represent these different sources of colour variation and quantify the resulting perceptual overlap within a uniform framework, we developed a novel approach that is summarized in Fig. 3 . We used an anoline perceptual colour space (a colour tetrahedron) to characterize all of the relevant spectral stimuli, as well as to characterize the noise and variation associated with each set of spectral stimuli. We quantified the extent to which light transmission through the dewlap changes the perceptual overlap of dewlap colours and potential distractors.
The majority of prior studies that have assessed the role of photoreceptor noise in determining colour detection thresholds have assumed signalling occurs under relatively high light levels and does not account for the decrease in photoreceptor signal-noise ratios and the resulting elevated discrimination thresholds that occur at low light intensities (but see Vorobyev 2003; Osorio et al. 2004) . Here, we argue that increasing signal-noise ratio at low light levels may be an important function of signal translucence. Therefore, we used a procedure to estimate (a) (b) Fig. 2 . Spectral reflectance and transmittance curves for the yellow (a) and white (b) portions of the dewlap of Anolis lineatopus. Each curve is the average of measurements from five lizards. Reflectance and transmittance measurements represent the light recorded reflected from, or transmitting through, the dewlap from a pulsed xenon arc source, divided by the light reflected from a diffuse white standard at the same position as the dewlap. In order to correct for the highly directional effects of transmission, the transmittance values were divided by two (see Fleishman, Leal & Sheehan 2006) to approximate the intensity for a viewer that is not directly opposite the light source.
photoreceptor noise that is sensitive to total absolute light intensity in our analysis.
To our knowledge, this is the first study to directly examine the role that diffuse transmitted light may play in making a colour pattern more effective as a visual signal. While our focus here is on a single species, we predict that translucent signals may be quite widespread and our conclusions are likely to apply to many other systems.
Materials and methods
Additional methodological details can be found in Appendix S1 in Supporting Information. The animal work in this study was carried in accordance with an approved protocol from the Union College IACUC committee.
We collected data over a 10-day period during July 2011 in two ecologically similar localities on the north shore of Jamaica (near Robin's Bay and Priory). We measured natural light conditions at locations where lizards were perched and/or displayed for A. lineatopus (Gray) and three common sympatric congeners whose microhabitats partially overlap that of A. lineatopus: Anolis garmani (Stejneger), A. grahami (Gray) and Anolis opalinus (Gosse). We located and observed undisturbed lizards for up to 10 min or until they displayed using the dewlap (which the majority did). We combined data from display and non-display locations because previous studies have shown that for most anoles, these sites do not differ in their light properties, and no difference was apparent in the current data set (Leal & Fleishman 2002 Fleishman, Leal & Persons 2009 ). We then measured light conditions in two directions on either side Two different spectra are plotted in the colour tetrahedron. Surrounding each point is an ellipsoid that characterizes the uncertainty of the placement of this point due to noise in the four photoreceptor channels. We refer to this a 'single-point noise ellipsoid'. Two hypothetical points are shown whose single-point noise ellipsoids just touch. These two points are one 'just noticeable difference' (JND) apart (see text) and will be discriminable approximately 95% of the time. (b) A set of six radiance spectra is plotted as six individual points each surrounded by its single-point noise ellipsoid. This represents a sample of a set of hypothetical spectra (e.g. they might be various patches of background radiance in the natural habitat). A minimum volume ellipsoid is fitted around the outermost points of each single-point noise ellipsoid. This 'distractor volume ellipsoid' defines a region of colour space where potential confusion with other colours may occur. (c) The hypothetical distractor volume ellipsoid shown in (b) is compared to a hypothetical set of measured dewlap spectra (e.g. they could be dewlaps of some species of Anolis measured at six different locations). For three of the six points, the single-point noise ellipsoid of the stimulus overlaps the distractor volume ellipsoid. The overlap proportion is therefore 0Á5. (d). For illustrative purposes, a minimum volume ellipsoid can be constructed around the single-point noise ellipsoids for the dewlap, as well as for the distractor volume ellipsoid to illustrate their extent of overlap. In this hypothetical example, the red ellipsoid encloses the outer edges of the single-point noise ellipsoids shown in red in (c). We refer to a minimum volume ellipsoid that illustrates variation in a perceived dewlap colour as a 'stimulus volume ellipsoid'. Thus, (d) illustrates the spatial overlap between a stimulus volume ellipsoid (a set of dewlap spectra measured at different locations) and a distractor volume ellipsoid (which could be habitat radiance patches, or dewlaps of other species).
of the estimated plane and position of the dewlap using an Ocean Optics (Dunedin, Florida) Jaz portable fibre-optic spectroradiometer. We measured spectral radiance (R(k))using a 2-degree acceptance angle radiance/collimating probe at the tip of a 400-lm-diameter fibre-optic probe, and side-welling irradiance, I(k) by recording radiance reflected from a diffuse white standard oriented perpendicular to the ground, and multiplying the resulting radiance values by p (Fleishman, Leal & Sheehan 2006) . Data were collected throughout the day between 06:30 and 19:00 in a variety of sunny and cloudy skies, but never in rain. We observed dewlap displays by A. lineatopus frequently throughout the day, but did not attempt to quantify display rate. Ord (2008) quantified dewlap displays by A. lineatopus through all daylight hours (05:30-17:30) and found that displays were common at all hours with a modest decrease in activity during the middle of the day. Data were collected from male lizards only for A. lineatopus, A. grahami and A. opalinus. For A. garmani, we also collected data for females, because this species was more rarely encountered and females also possess large dewlaps.
Two male A. garmani and five males of each the other three species were captured and brought inside for measurement of dewlap reflectance and transmittance over the range 310-700 nm. Animals were held attached loosely with surgical tape to a special holder that allowed us to hold the dewlap open (see Fig. S1 ). We measured reflectance with an Ocean Optics reflectance probe positioned 1 mm from, and perpendicular to, the dewlap surface and a PX2 pulsed xenon light source. For transmittance, we delivered the light to the front of the dewlap in the same manner, but recorded light using a second fibre optic positioned directly opposite the light source on the other side of the dewlap at 1 mm distance. We estimated transmittance and reflectance relative to a diffuse white standard positioned at the front of the dewlap (Fleishman, Leal & Persons 2009) . In previous studies, we have found that, while dewlap reflectance is highly diffuse and independent of direction, light transmitted directly through the dewlap is about twice as intense as transmitted light from a diffuse source or measured at an indirect angle to the source (Fleishman, Leal & Sheehan 2006) . We therefore corrected our transmittance measurements by a factor 0Á5 to approximate diffuse or off-axis illumination of the back of the dewlap. The sampling procedure took approximately 10 min per animal, and individuals were released at their site of capture on the same day. We used average spectral transmittance (T(k)) (with k = 310-700 nm) and spectral reflectance (X(k)) data for each species and multiplied these by the appropriate side-welling irradiance values (I(k)) to calculate the spectral radiance of dewlaps (R(k)) from two viewing directions at each field location:
RðkÞ ¼ ð1=pÞ Ã ½TðkÞ Ã opposite-side IðkÞ þ XðkÞ Ã same-side IðkÞ eqn 1
A N O L I S L I N E A T O P U S R E T I N A L P H O T O R E C E P T O R S
The anoline retina possesses four classes of single cones (u = ultraviolet, s = short wavelength, m = middle wavelength and l = long wavelength) and one class of double l (long wavelength) cones (Underwood 1970; Loew et al. 2002) , and each photoreceptor class is associated with a characteristic oil droplet filter. The calculation of photoreceptor absorption functions used in this study is described in detail in Appendix S1.
L U M I N A N C E C O N T R A S T C A L C U L A T I O N S
Here, we define luminance (L) as the spectral radiance of a stimulus multiplied by the lizard's spectral sensitivity. In lizards, luminance is determined by the spectral absorption function of the double l cones (Fleishman et al. 1997; Fleishman & Persons 2001) and associated oil droplets. Luminance contrast of dewlaps against natural display backgrounds was calculated for each measurement location and each viewing direction with, and without, dewlap transmittance included.
where L d = dewlap luminance and L b = background luminance. Note that a negative value is obtained when the dewlap is darker than the background. Fleishman & Persons (2001) showed that detection probability is directly related to the absolute value of the luminance contrast (i.e. the contrast magnitude) as defined in equation (2). We tested for a significant change in the contrast magnitude by using an arcsine transformation and carrying out a paired, two-tailed t-test on the luminance contrast magnitude data (Zar 1999) .
P H O T O N C A P T U R E R A T E S A N D N O I S E I N R E T I N A L P H O T O R E C E P T O R S
The following calculations were performed in the MATLAB (MathWorks, Natick, MA, USA) programming language. For a given spectral stimulus, absolute photon capture rate for each single cone photoreceptor class (i) was estimated by multiplying the stimulus spectral radiance by the absolute spectral sensitivity of each cone class to yield a value Q i = total photon capture for a cone class i
where S i (k) = the absolute photon capture spectral sensitivity for a photoreceptor of class i. S i (k) is calculated based on the optical properties of the eye, the physiological and anatomical properties of individual photoreceptors and the spectrum and intensity and spectrum of light striking the eye (Vorobyev 2003) . The optical media of Anolis eyes are fully transparent over the range of wavelengths examined (Leal & Fleishman 2002; ER Loew, pers. comm .) This calculation is described in detail in Appendix S1. Noise in individual photoreceptors (quantified as the standard deviation of Q i ) is proportional to the square root of intensity at low light intensities and equal to a constant known as the Weber fraction (x i ) at high light intensities, with a transition zone in between where both effects occur. We assumed x i = 0Á05 for all i. Based on Q i , we calculated a relative noise value (N i ) for each photoreceptor type as follows: where one standard deviation of photon capture = @Q i (Vorobyev 2003) :
and
For a given stimulus radiance spectrum, R(k), we determined the photon capture rate (Q i ) for each single cone class (i). We then implemented chromatic adaptation using the von Kries transformation (Neumeyer 1998; Siddiqi et al. 2004) , which results in modified photon capture rates (q i ), such that in response to the average background spectrum (defined here as the side-welling irradiance striking the eye at each location), the response of all four photoreceptors classes is equal. We assumed in each case that our animals are chromatically adapted to the irradiance of the scene normal to, and striking, the front of the viewing eye (i.e. the average of radiance patches viewed by the eye). If we define this adapting irradiance spectrum as A(k), then:
Then, in response to a radiance stimulus, we calculate a stimulation value q i = k i Q i . This represents the neural stimulation from each photoreceptor classes under the assumption that the stimulation caused by the irradiance of the visual field the eye is facing causes all four photoreceptor classes to yield equal neural output.
For each spectral radiance stimulus, we then calculated a relative stimulation value between 0 and 1 for each of the four classes of single cones (U = ultraviolet, S = short wavelength, M = middle wavelength and L = long wavelength) as follows:
These values represent four coordinates that can then be plotted in a tetrahedral perceptual colour space (see Fig. 3 ). Each apex of the tetrahedron represents a value of 1Á0 for one cone class, and a value of 0Á0 occurs at the centre of the opposite face.
Associated with each photoreceptor channel is a relative noise value (N i ) (equation 5). We used basic error propagation calculations and the N i values in equations (7) to determine a standard deviation estimate for U, S, M and L = e U , e S , e M and e L .
Around each point in tetrahedral space, we plotted an ellipsoid (Endler & Mielke 2005; Kemp et al. 2015 ; JA Endler pers. comm.) representing the noise. In this method, the standard deviation associated with each coordinate (e U , e S , e M and e L ) serves as an axis for a four-dimensional ellipsoid. The points forming this 4D ellipsoid are then mathematically converted to points in the three-dimensional colour tetrahedron. The ellipsoid surrounding each point represents a distance of one standard deviation from the plotted point. We refer to these as 'single-point noise ellipsoids'. Examples are shown in Fig. 3a . When the outer edges of the ellipsoids of two points just touch, the two points will be discriminable 95% of the time. We confirmed the relationship between our noise ellipsoids and one 'just noticeable difference' (JND) as determined by the logtransformed version of the Vorobyev-Osorio model , by plotting pairs of points like those in Fig. 3a and confirming that touching ellipsoids represent a distance nearly equal to 1 JND.
C H R O M A T I C D I S C R I M I N A T I O N
To evaluate whether dewlap light transmission affects the recognition of a given dewlap colour, we modelled A. lineatopus chromatic perception, and quantified how reliably the A. lineatopus visual system could distinguish their dewlap colours from other groups of colour patches in the environment. We identified two classes of potential distractor colours: (i) natural patches of colour in the habitat arising from sources such tree trunks, leaves, dirt, sky, sunlight and specular reflections from shiny leaves, based on the background radiance spectra measured at each site where A. lineatopus were observed and (ii) the calculated radiance spectra of dewlaps of other sympatric species based on light conditions in their own habitats (assuming that A. lineatopus viewed them in each species' own habitat light conditions).
In order to characterize the impact of a given set of variable spectra that represent potential sources of colour confusion, we initially plotted each spectrum as a point in tetrahedral colour space surrounded by a single-point noise ellipsoid. In each case, these points formed a coherent cluster of overlapping noise ellipsoids. We then calculated a minimum volume ellipsoid (95% tolerance) that enclosed the outer edges of all of the individual single-point ellipsoids from each spectrum in the set ( Fig. 3b; Moshtagh 2009 ). We refer to this as a 'distractor volume ellipsoid' because it represents a volume in perceptual colour space where potential signal colours may be confused with a set of distractor colours.
The effectiveness of a given dewlap colour relative to a given set of potential distractor spectra was evaluated by calculating one point in the colour tetrahedron of the A. lineatopus dewlap radiance from every viewing locality (in each of two viewing directions), and calculating a single-point noise ellipsoid for each measurement. We then compared this set of A. lineatopus dewlap colour spectra to a particular distractor volume ellipsoid and determined the proportion of the dewlap colour single-point noise ellipsoids that overlapped the distractor volume ellipsoid (Fig. 3c) . For illustration purposes, we also sometimes plotted a minimum volume ellipsoid around the points represented by the A. lineatopus dewlap colours (Fig. 3d) . We refer to this type of representation as a 'stimulus volume ellipsoid'.
Results
The average side-welling irradiance for 92 samples of A. lineatopus perch positions was 8Á4 lmol m À2 s
À1
(SE = 1Á1), which is typical for anoline lizards that occupy forest understorey (Fleishman, Leal & Persons 2009 ).
L U M I N A N C E C O N T R A S T
We calculated the luminance contrast between dewlaps and the background at each perch site (n = 92). The average contrast between dewlap and background for the yellow portion of the A. lineatopus dewlap was À0Á17 (SE = 0Á04) without transmittance and 0Á06 (SE = 0Á04) with transmittance (a negative number indicates that the dewlap was, on average, darker than the background). The luminance magnitude (absolute value) changed from 0Á37 (SE = 0Á02) without transmission to 0Á32 (SE = 0Á02) with transmission. The difference was significant (P = 0Á03, onetailed paired t-test, n = 92), but not in the predicted direction -that is, including transmittance reduced the average luminance contrast to a small extent. For the white portion of the dewlap, the average luminance contrast changed from À0Á10 (SE = 0Á04) without transmission to 0Á31 (SE = 0Á04) with transmission. The average magnitude of luminance contrast increased from 0Á35 (SE = 0Á02) without transmission to 0Á40 (SE = 0Á02) with transmission, which was not a significant change (P = 0Á07). Thus, the addition of transmitted light did not significantly increase the magnitude of luminance contrast for either of the dewlap colours and therefore does not appear to contribute to increased detection probability through an effect on luminance contrast. Table 1 quantitatively summarizes the effects of adding transmission to the dewlap radiance calculation by reporting the proportion of measured dewlap spectra (spectral radiance from each direction of view from each perch site) whose single-point noise ellipsoids overlapped the habitat background distractor volume ellipsoid. Since any overlapping point has the possibility of not being accurately discriminated, a reduction in the proportion of points that overlap indicates an increase in the efficacy of the dewlap colour. In every case, the inclusion of dewlap transmission greatly reduced the proportion of overlapping points, and, somewhat surprisingly, the effect was similar for both midday and early/late samples. Figure 5 shows stimulus volume ellipsoids of yellow and white A. lineatopus dewlap colours with, and without transmitted light, compared to a distractor volume ellipsoid for the dewlap of A. opalinus, measured at A. opalinus perch and/or display locations. The A. opalinus dewlap is orange in appearance and it is not surprising that there is some overlap in colour space with the yellow portion of the A. lineatopus dewlap. The addition of dewlap transmission reduced perceptual colour space overlap for the white dewlap colour, but not the yellow. Results summarizing overlap in A. lineatopus dewlap colour single-point noise ellipsoids with distractor volume ellipsoids of three congeneric species are shown in Table 2 . For the yellow colour, there is a high degree of colour overlap with the dewlaps of all three species. The overlap with the white colour was much less and was reduced, but only modestly, by the inclusion of transmitted light.
C H R O M A T I C D I S C R I M I N A T I O N E F F E C T S

Discussion
The most important effect of possessing a translucent dewlap was to increase the total intensity of the dewlap radiance while introducing a relatively modest change to the spectral quality of the signal (Figs 1a,c and 2 ). This increase in light transmission did not enhance the magnitude of luminance contrast with the background, and the hypothesis that increased transmittance increases brightness contrast was not supported. At first, this result seemed counter-intuitive. Since most background vegetation elements are darker than a dewlap, one would expect an increase in dewlap luminance to increase the magnitude of dewlap/background contrast. However, upon closer examination, one finds that natural backgrounds in forested localities consist of a series of discrete patches of radiance. Many of these patches consist of skylight or sunlight passing through the vegetation, as can be seen in Figs 1a and S2. Specular reflection from smooth leaf surfaces, and transmittance through single leaves also create bright patches of background radiance. If a dewlap happens to be viewed against one of these high luminance patches of background radiance, a darker dewlap (i.e. one with no transmission) produces a much higher magnitude of luminance contrast (i.e. a high negative contrast). In most localities, there are enough high luminance background patches in the habitat to make a darker dewlap, on average, just as likely to produce high contrast magnitude as a lighter one, which will show higher contrast against darker radiance patches. Fleishman, Leal & Persons (2009) found similar results in their study of Puerto Rican anoline dewlap colours. The increased dewlap light intensity resulting from transmission substantially reduced noise in the chromatic detection system (i.e. it reduced the size of the noise ellipsoids surrounding individual points in the tetrahedral colour space) and, by doing so, reduced the extent of overlap of dewlap colours with potential distracting colours in the natural background. In addition, transmission resulted in a small reduction in overlap between one of the A. lineatopus dewlap colours (white) and the dewlap colours of other species. These effects of transmission should make the dewlap colour much easier for conspecifics to quickly and unambiguously detect and recognize when flashed in a complex habitat.
Although we have shown that light transmission increases signal efficacy, it is possible that transmission is an incidental by-product of the thin morphology of the dewlap. However, some closely related species of Anolis have substantial melanin and other pigment layers within the dewlap that largely block light transmission (Macedonia et al. 2000; Macedonia, Clark & Tamasi 2014) . While these histological data are limited to a handful of species, we do know that many species have a highly reflective dewlap, with relatively little transmission (unpublished data). Moreover, high transmission comes with a cost. Since the light illuminating the front and the back of the dewlap may differ in spectral quality, and because of small differences in transmittance and reflectance spectra (Fleishman, Leal & Sheehan 2006) , having transmission contribute to the dewlap spectral radiance increases the variability of the colour appearance of the dewlap from one viewing location to another (Fig. 2) . Taken together, these facts suggest that a high level of diffuse transmission is not simply a by-product of dewlap structure. The facts that simple anatomical mechanisms to limit transmission occur within the genus, and that there may be some cost to transmission, suggest that there are probably selective benefits to having a high transmission dewlap that outweigh its costs.
While our study concentrated a single species, its dewlap properties are typical of many species of Anolis that occupy full or partially shaded habitats (e.g. Fig. 1b and Video S1). Such species are found in a number of anoline clades, which strongly suggests that the results obtained here apply quite broadly to species with highly translucent dewlaps, many of which are found in habitats with low to moderate light intensity (Fleishman 1992) .
Over the past several decades, two distinct approaches have become popular for analysing visual signal colours from the perspective of an animal visual system: chromaticity (perceptual space) diagrams and receptor noise models. Since colour perception is based on the ratios of stimulation of distinct classes of photoreceptors, natural stimuli can be quantified in terms of these relative stimulation values and plotted in perceptual colour spaces. The colour tetrahedron is used to represent the colour vision system of animals that rely on four classes of cones (Goldsmith 1990; Neumeyer 1992 ). While such a diagram cannot account for higher level sensory processing of colour spectral information, it graphically portrays the information captured by the photoreceptors that is available for processing by the colour vision system: the relative rates of photon capture by different sets of photoreceptors. This diagram is especially useful for identifying perceptual overlap between different sets of spectra. Several authors (Stoddard & Stevens 2011; Stoddard 2012; P erez I de Lanuza, Font & Monterde 2013; Burd et al. 2014 ) have used minimum convex polygons to represent the volume of perceptual space occupied by related sets of spectra. Overlap of polygons is used to quantify (or to infer) similarity or overlap among different groups of spectra. Here, we have used a conceptually similar method for characterizing regions of colour space occupied by clusters of spectral points: enclosing them within minimum volume ellipsoids. Ellipsoidal representations are particularly useful because they are more computationally tractable than complex polygons, making it straightforward to estimate volumes and overlap of signals with distractor volumes. We offer this caveat, however. The characterization of colour spaces with minimum volume ellipsoids may be misleading if the points in the colour space to be characterized do not form a reasonably coherent cluster, and one needs to be careful to allow enough tolerance in the ellipsoidal curve fit to avoid strong distortion effects from a small number of outliers.
A limitation of colour space diagrams is that they are not useful for indicating whether distances between points exceed the minimum discrimination threshold (Pike 2012) . demonstrated that noise in individual photoreceptor channels can lead to predictable uncertainties in the discrimination of colour points, and their model successfully predicts colour discrimination thresholds in humans and a variety of other animals. Endler & Mielke (2005) described an elegant approach that combines the two methods: spectral stimuli are plotted in a tetrahedral colour space, and the noise associated with each single point is characterized by an ellipsoidal region of uncertainty around it (also see Kemp et al. 2015) . However, a limitation of their method is that it can only be applied to high light situations where photoreceptor noise is characterized by a constant Weber fraction.
We have expanded the Endler & Mielke (2005) model in two ways. First, we have modified it so that the effects of changes in absolute signal intensity on photoreceptor noise and detection thresholds can be included. Secondly, we have used minimum volume ellipsoids to enclose the outer edges of the uncertainty ellipsoids associated with each individual spectrum. These modifications allowed us to include the effects of absolute habitat light intensity on discrimination thresholds, and to characterize broad regions of perceptual overlap for different sources of colour.
The results of this study demonstrate that there is an important relationship between habitat light intensity, signal intensity (i.e. total radiance) and effectiveness of particular signal colours. The majority of studies of animal colour patterns have not considered the effects of absolute intensity on colour discrimination. However, we have demonstrated here that in low light habitats, the use of chromatic signals may be severely constrained because some spectral reflectance patterns emit too few photons per unit time to be reliably discriminated from habitat colour noise. Even where a signal colour can be discriminated from distractors, reducing the perceptual noise associated with the colour will make it appear vivid and easier to recognize rapidly. Thus, total habitat light intensity can impact selection on signal colours indirectly, through its effect on colour discrimination thresholds, and total intensity needs to be taken into account in attempts to relate visual ecology to colour patterns if a visual signal is employed in low light.
Fleishman, Leal & Persons (2009) studied the relationship between habitat light and dewlap colour in four species of Puerto Rican anoles. Although the habitats ranged from fully shaded forest understorey to unshaded grasslands, differences in the spectral quality of the habitats were very small and did not appear to account for the measured differences in dewlap spectral quality. On the other hand, there was a three-order magnitude variation in total light intensity across habitat types. The results shown here suggest that these habitat intensity differences may be even more important than spectral quality differences in selecting for specific signal properties. Light coloured and/ or transmissive dewlaps are more likely to be found in darker habitats because they increase the total intensity of photon flux from the surface. In more open habitat where light intensity is greater, one expects to see more saturated dewlaps that reflect less total light. Fleishman (1992) reported just such a pattern among a broad sampling of Caribbean anoles.
The findings of this study are unlikely to be limited to anoline lizards. We have shown that in low light conditions, animals may require signals that emit (i.e. reflect and/or transmit) more total light in order to allow their colours to be effectively discriminated. We would expect this conclusion to apply to other animals that signal in low light conditions, where colour is important. Marchetti (1993) , for example, reported an inverse relationship between habitat intensity and signal brightness in warblers of the genus Phylloscopus. Increased transmission is only one of a number of mechanisms that can increase total signal radiance (Grether et al. 2004; Johnsen 2012) . Signal intensity can be increased by using broader spectra that reflect strongly over more wavelengths (e.g. yellow vs. red or orange), by adding white to any colour (desaturation), and through the use of a variety of different structural mechanisms that enhance reflection in specific viewing directions. We predict that the application of the methods described here, and other similar techniques, to other animal groups will reveal that animals that use colours as signals in relatively low light will often evolve mechanisms to produce signals of higher total radiance in order to increase their efficacy.
Conclusions
Diffuse light transmission has very rarely been considered in studies of animal signal colour evolution. Here, we present a method that utilizes physiological and anatomical data that are available for a number of animal visual systems in order to assess the impact of habitat light intensity and photoreceptor noise on the reliability with which different groups of colours can be reliably discriminated. We show that diffuse transmitted light can be an important physical feature of a signal and can play a critical role in making a colour signal distinct from potential distractors in low light conditions by increasing total signal intensity. Dewlaps are not the only signal structures that transmit light. It is quite likely that in other thin structures such as extended bird tail feathers, insect wings, fish fins or flower petals, translucence may play an important role in determining signal efficacy, particularly in cases where low total light intensity may limit signal function in some habitats. Future studies that include the impact of light levels on colour discrimination, and factor in the effects of transmitted light, are likely to find that translucence is an important signal property and, more generally, that variation in total habitat light intensity can act as an important selective force on animal coloration.
